In this paper, we study a cooperative cognitive radio network (CCRN) where the secondary user-transmitter (SU-Tx) assists bi-directional communication between a pair of primary users (PUs) following the principle of two-way relaying. In return, it gets access to the spectrum of the PUs to enable its own transmission to SU-receiver (SU-Rx). Further, in order to support sustainable operation of the network, SU-Tx is assumed to harvest energy from the RF signals received from the PUs, using the technique of simultaneous wireless information and power transfer (SWIPT). Assuming a decode-and-forward behaviour and power-splitting based relaying protocol at SU-Tx, closed form expressions for outage probability of PU and SU are obtained.
assist bi-directional communication between a pair of PUs. In return, it secures access to the licensed spectrum of the PUs. In [3] , a spectrum sharing three-phase protocol is proposed based upon decode-and-forward (DF)-based digital network coding. In [4] , a spectrum sharing two-phase protocol is proposed following the principle of analog network coding (ANC) [5] . The authors derive closed-form expressions for the outage probabilities for both the primary and secondary systems and identify a spectrum sharing region within which the protocol achieves better PU outage performance than the case of direct transmission without spectrum sharing. Similar study in an underlay model is reported in [6] .
Nevertheless, energizing the SU node by a constant power supply or recharging or replacing its batteries regularly may not be feasible in many applications. Simultaneous Wireless Information and Power Transfer (SWIPT) [7] is fast emerging as a promising technique to support sustainable network operation in presence of the said challenges. Following this technique, the SU node exploits the RF signal received from the PU to harvest necessary energy to enable relaying of the message of the later as well as transmission of its own message to another SU.
Outage performance analysis is carried out in a SWIPT-enabled CCRN, assuming amplify-and-forward (AF) relaying with power splitting (PS) protocol in [8] . Outage performance in a SWIPT-enabled CCRN under a Nakagami fading channel is analyzed in [9] considering decode-and-forward (DF) relaying. The authors in [10] and [11] investigate the performance of a similar SWIPT-enabled CR network in underlay mode.
In SWIPT-enabled two-way CCRN networks, the SU scavenges energy from the RF signals transmitted by both the PUs as well as access PU spectrum in return of its assistance in two-way PU communication. However, to the best of our knowledge, outage performance, spectral-efficiency and energy-efficiency of such networks are not well investigated. A joint power allocation and relay selection scheme is proposed under the constraints of transmit power and interference to the PU [12] . In [13] , the authors report closed-form expressions for the outage probability of PU and SU in a SWIPT-enabled two-way CCRN. However, the authors consider AF relaying for the SU-transmitter (SU-Tx) and presence of complex receiver architectures at the PUs to cancel the interference effects caused by SU transmission. In this paper, we consider a similar model with DF relaying. Our additional contributions may be summarized as follows.
• We derive exact closed-form expressions for the outage probability of both PU and SU sytems, avoiding the need for sophisticated signal processing operation at PUs. The analytical results are also verified through Monte Carlo simulations.
• The impacts of various system parameters, such as power splitting factor for SWIPT and relay location, on the system outage performance are analyzed.
• Results of performance comparison between our protocol and similar model with one-way relaying in [9] is reported to gain insights on the possible advantages of the proposed system in terms of spectrum-efficiency (SE) and energy-efficiency (EE).
The rest of this paper is organized as follows. The signal and system modelling is proposed in Section II.
Section III derives closed-form analytical expressions for PU and SU outage probability. Section IV then provides the numerical and simulation results and their discussions, while Section V concludes the paper.
Notations: P r{·} is the outage probability, f X (x) is probability density functions (PDF) of the exponentially distributed random variable X having parameter λ denoted by X ∼ exp(λ) and K 1 (·) represents the modified Bessel function of second kind of order 1 [14] .
II. SYSTEM AND SIGNAL MODELLING
We consider a CCRN consisting of two primary users PU 1 and PU 2 and two secondary users SU 1 and SU 2 as depicted in Fig. 1a . The PUs intend to exchange information with each other. Since the distance between them is beyond the range of effective transmission, they will require some cooperation from neighbouring nodes to forward their data aiming to achieve a target rate of R p at the PU receivers. SU 1 agrees to act as the relay to assist the primary transmission while simultaneously transferring its own data to SU 2 to meet a target rate of R s .
Furthermore, each node is assumed to be equipped with a single antenna. We assume that PU i , i = 1, 2 uses constant transmit power P pi , while no conventional source of energy is provided to SU 1 . Thus, it requires to harvest energy from the received signals. Here all channels are assumed to experience independent and identically distributed (i.i.d) Rayleigh fading [15] 
is the sampled AWGN due to RF to baseband signal conversion. Fig. 1b shows the transmission frame for the two-way relaying protocol which consists of three phases. In phases 1 and 2, PU 1 and PU 2 transmit their information X p1 and X p2 respectively, to SU 1 . However, SU 2 can also receive the primary signals because of the broadcast nature of the wireless medium. After harvesting energy from part of the received signals in the two phases separately, SU 1 broadcasts a network-coded [5] primary signal X p1 ⊕ X p2 (bitwise XOR) superposed with the secondary signal X s in the third phase, using all of the harvested energy. Once PU 1 , PU 2 and SU 2 have received the broadcasted signal from SU 1 , they can decode the desired information from the mixed signal based on their own and prior information received in phases 1 and 2, as in [9] .
As illustrated in Fig. 1b , the whole process takes place in three phases. In phase 1, the signal received by SU 1 and SU 2 can be expressed as
Based on the power-splitting method in [7] , a part of the the received information in SU 1 is used for energy harvesting and the harvested energy in this phase is given by
where 0 ≤ η ≤ 1 represents the energy conversion efficiency and 0 < ρ 1 < 1 is the portion of information split for energy harvesting in phase 1 and is referred as power splitting factor in phase 1 in the subsequent discussion. The signal received at information receiver of SU 1 is given by
From (4), the total AWGN variance at SU 1 is given by σ 2 = (1−ρ 1 )σ 2 SU1 +σ 2 c . Thus, in phase 1, the rate achievable at SU 1 will be
and at SU 2 will be
Similarly, in phase 2, the signal received by SU 1 and SU 2 can be formulated as
The harvested energy in this phase is thus given by
where 0 < ρ 2 < 1 is the power splitting factor in phase 2. Thus, in phase 2, the rate achievable at SU 1 will be
At the end of phase 2, the total harvested power at SU 1 (transmission power of SU 1 in phase 3) is given by
where a
Following the DF strategy, SU 1 uses a fraction α (0 < α < 1) of its total transmit power P to relay the network-coded primary information and uses the remaining power to transmit an independent message X s to SU 2 .
We term α as a power-allocation factor throughout this paper. Therefore, after cancellation of self-interference, the signal received at PU 1 and PU 2 in phase 3 can be denoted as
while that received at SU 2 , assuming both the primary signals were successfully decoded, is given by
Hence, the rate achievable at PU 1 is given by
. Similarly, rate achievable at PU 2 is given by
where c
III. PERFORMANCE ANALYSIS
In this section, the exact closed-form expressions of the outage probability of PUs and SU are derived for the above two-way energy harvesting DF relaying protocol.
A. Outage probability of Primary System
An outage is declared for the primary system if any of the links in the three phases, i.e., PU 1 →SU 1 , PU 2 →SU 1 , SU 1 →PU 1 or SU 1 →PU 2 fail to achieve the target rate R p that is required to decode the primary information. Therefore,
Since the events in the last probability term are independent of each other, we can write eqn. (19) as
Lemma 1. The outage probability of the primary system is given by
where γ p1 = 2 4Rp − 1 and γ p2 = 2 2Rp − 1.
Proof. See Appendix A.
B. Outage probability of Secondary System
Success in SU's transmission is defined as the occurrence of the following joint events:
(i) PU 1 's transmission is successfully decoded at SU 1 and SU 2 in Phase 1,
(ii) PU 2 's transmission is successfully decoded at SU 1 and SU 2 in Phase 2 and (iii) SU 1 's transmission is successfully decoded at SU 2 in phase 3.
Considering the independence of the above events, the outage of SU for a given target rate R s is defined as
SU1 >R p P r R
(1)
SU2 >R p P r R
SU2 >R s .
Lemma 2. The outage probability of the secondary system is given by
where γ s = 2 2Rs − 1.
Proof. See Appendix B.
C. Spectrum Efficiency (SE) and Energy Efficiency (EE)
Results of the outage analysis also help us in evaluating average spectrum-efficiency (η SE ) (or throughput) and average energy-efficiency (η EE ) of the proposed system and compare them to that of similar CCRN with one-way communication. We define them as follows :
Evaluation of system performance using these metrics will be discussed in the next section.
IV. RESULTS AND DISCUSSIONS
In this section, simulation results are presented and compared with the analytical results derived in (21) and (23). In addition, variation of PU and SU outage probabilities with various system parameters is also illustrated.
Finally, results of SE and EE of the proposed system are also presented. The relative positions of the users are shown in Fig. 1a . Until otherwise specified, the necessary simulation parameters are stated as in Table 1 . value, but it starts increasing beyond this value. From the plots, the optimal value for the primary users is found to be 0.37. For the primary system, this may be explained as follows. ρ represents the fraction of energy scavenged from the received PU signals in phases 1 and 2. As ρ increases, at first, the amount of transmit power that is used for harvesting energy increases and subsequently less remains for information decoding at SU 1 . So the probability with which PU signals are successfully decoded at SU 1 i.e. P r R
SU1 >R p and P r R
SU1 >R p decreases ( fig.  not shown) . At the same time, signals are decoded at the PUs with higher probability, i.e. P r R 
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P U2 >R p increases ( fig. not shown) . This is due to the fact that more power is available for transmission in the broadcast phase due to availability of higher energy in SU 1 . However, it is seen that the increase in successful decoding probabilities in phase 3 overrides the decrease of the same in phases 1 and 2, which results in the initial fall in the outage (refer eqn. (19)). Interestingly, as ρ continues to increase beyond the critical value, although the energy harvested also increases, power is increasingly becoming inadequate for information decoding at SU 1 .
Hence, though PU signals are decoded at PU 1 and PU 2 in phase 3 with higher probability, the decrease in the probability of successful decoding of PU signals at SU 1 dominates eqn. (19). Thus a rise in the primary system outage is observed thereafter. A similar line of reasoning would also justify the nature of variation of outage probability of SU. Hence, the secondary outage depends only on the successful decoding probability of PU signals at SU 1 in phases 1 and 2 and that at SU 2 in phase 3. Initially, as ρ increases, more amount of storage energy is available in SU 1 for transmission in phase 3. But the power remaining in SU 1 after harvesting is highly insufficient to successfully decode PU signals at SU 1 with high probability (fig. not shown) . It is observed that the increase in the success probability of decoding SU signal at SU 2 i.e. P r R (3) SU2 > R s dominates the secondary outage (refer eqn. (22)). But when ρ exceeds the critical value of 0.52, the harvested energy becomes so high that the decrease in the successful decoding probability of PU signals at SU 1 overrides the increase in the probability with which SU signal is successfully decoded at SU 2 in eqn. (22). We, therefore, notice an increase in the secondary system outage subsequently. It can also be observed from the plots that with the increase in the transmit power of each PU from 30 dB to 40 dB, there is no change in the optimal power splitting factor but the outage shows a considerable fall by about 89% for both the PUs and SU at the optimal points. This is because with the increase of transmit power, the average value of total harvested energy at SU 1 increases for a fixed ρ. Thus, its influence on the successful decoding of signals at the destinations is more at higher transmit power and hence the outage improves. Fig. 3 depicts the variation in outage probability of both PUs and SU respectively, with respect to the relay location, for two different values of power splitting factor ρ. As SU 1 moves away from PU 1 , both primary and secondary outage increases initially but then it starts decreasing. For the primary system, this can be explained as follows. When distance between SU 1 and PU 1 increases, though the channel condition between PU 1 −SU 1 worsens, PU 2 −SU 1 link gets better. It is also noted (fig. not shown) that as SU 1 moves away from PU 1 , the success probability of decoding both the PUs' signals at SU 1 in phases 1 and 2 i.e. P r R
SU1 >R p improves, though the average value of the total energy harvested at SU 1 from both PU signals decreases. Since the harvested energy is the driving force for the broadcast phase i.e. P r R (3)
P U2 > R p , signals are decoded at the respective PUs with lower probability. This decrease, however, dominates eqn. (19), and hence the outage of the primary system rises. When SU 1 moves beyond the critical distance of 1m from PU 1 and hence closer to PU 2 , the stored energy in SU 1 increases due to the scope of harvesting energy at SU 1 from both PU 1 and PU 2 . As a result, probability of successful decoding of PU signals in phase 3 increases thereafter and so the outage of the primary system falls. On the other hand, for the secondary system, considering SU 2 fixed, as SU 1 moves in between the PUs, the distance between SU 1 and SU 2 changes with minimum being at the centre position. Therefore, as SU 1 moves away from PU 1 , SU 1 −SU 2 link gets better, but then it deteriorates as SU 1 's distance from PU 1 exceeds 1 m. Initially, the decoding probabilities of both the PUs' signals at SU 1 increases with increasing distance between PU 1 and SU 1 . But since the average value of the total harvested energy at SU 1 controls eqn. (22), the successful probability of decoding SU signal at SU 2 initially decreases with decreasing harvested energy, resulting in an initial rise in the outage. Afterwards, the outage decreases beyond 1m with increasing harvested energy. Interestingly, a slight fall in outage is observed at a distance of 1 m. This can be possibly explained from the fact that though the harvested power is minimum at the centre, the channel condition between SU 1 −SU 2 is the best. Hence the SU outage undergoes a slight improvement at this point, as SU 1 −SU 2 channel condition acts as the dominating factor in eqn. (22) . From the plots we can also observe that when ρ increases from 0.25 to 0.55, the worst-case outage performance improves by 47% for the PUs and by 44% for the SU. This is because with the increase of ρ, harvested energy increases and hence the outage performance gets better. Fig. 4 shows the variation of the average SE of the system, following (24), with the normalized transmit power of each PU. It can be clearly seen that SE increases at first and then stabilizes at around 40 dB transmit power. To explain this nature, the outage variation of the two-way protocol for both PU and SU are also shown in the same figure. It is observed that initially, the outage falls fast as the transmit power increases but then falls slowly beyond 40 dB. Consequently, SE is found to saturate at around 1.5 bps/Hz, as is evident from eqn. (24). Moreover, it is also compared with the SE performance of a similar SWIPT-enabled one way relaying (OWR) protocol in [9] . To ensure a fair comparison between the two protocols, we consider that the total transmit power of the two protocols as same. Under this assumption, the SE of the two-way protocol is found to be better compared to the 5 illustrates the average EE of the two-way CR system, following (25), and the corresponding improvement over OWR in [9] . As shown in the figure, higher EE is achieved for the two-way protocol with a total normalized transmit power beyond 21.5 dB. Although EE of the proposed TWR system deteriorates with transmit power, its improvement over the OWR increases with transmit power and is found to be around 50%, at a transmit power of 45 dB.
V. CONCLUSION
In this paper, we have studied the impact of a PSR protocol on an RF energy harvesting based two-way DF relay network. Analytical expressions for outage probabilities at the destinations are derived and verified using simulations. It is shown that in terms of spectrum and energy efficiency, two-way energy harvesting DF-relay protocol is found to outperform the corresponding one-way protocol. In future, we intend to investigate similar systems with multiple antenna. 
Similarly, from eqn. (10), we obtain
where X 1 = |h 1 | 2 , X 2 = |h 2 | 2 and γ p1 = 2 4Rp − 1. Again, from eqn. (16), we have
where
we can write the probability density function (PDF) of Y as follows :
Then, the PDF of U and V are given by,
Assuming a > 0, b > 0 and X 1 and X 2 are independent random variables that follow exponential distribution with parameters λ 1 and λ 2 respectively, we obtain
Hence, we have
Hence, (A.1.3) becomes
The second equality in (A.1.5) is because of the fact that for γ p2 > α 1−α , the term k will be negative and the probability of an exponential distribution greater than a negative number is always 1. Solving the first equality, when k is positive, using the product of two random variables, we obtain P r R We have already obtained P r R
SU1 > R p and P r R shall have the secondary outage probability as in (23).
